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Abstract. External magnetic field gradients originating from electromagnets can generate forces on 
ferromagnetic microparticles to aid and enable precise local targeting of these particles. To steer these 
magnetic particles from their initial position to a desired target zone in a fluid, a control strategy on the 
proper activation of the electromagnets is required. We propose a model-based control strategy that 
performs dynamical optimization with respect to a given metric that results in an optimal particle trajectory. 
Here, minimum power consumption of the electromagnet is considered as metric. Furthermore, a 
dynamical model containing the magnetic fluidic forces acting on the particles is incorporated in the 
dynamic optimization. Results show the benefits of following the presented approach since it allows 
control of the electromagnets in open loop.   
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INTRODUCTION 
Ferromagnetic microparticles are beneficial as carriers for targeted drug delivery in the human body. In this case, 
drugs of interest are attached to the particles’ biocompatible coatings to be released at a diseased site [1]. To reach 
the magnetic beads or microspheres to this target region, external forces on the magnetic particles need to be 
exerted next to the inherent fluidic forces. Electromagnetic coils producing magnetic field gradients can be used 
for this purpose. By adequately activating the electromagnets, we aim at guiding the particles to the target zone 
according to a certain metric such as minimal power consumption of the electromagnets. We follow in this paper 
a feedforward optimal control approach, i.e. where no direct knowledge on the particles’ location is provided 
within a certain time span, contrary to previous approaches [2]. In this time span, the optimal activation currents 
in the electromagnets are calculated based on the physical dynamics of the particles determined by the inherent 
fluidic forces as well by the externally applied magnetic forces. We research the validity of the presented approach 
by performing extensive numerical experiments.  
METHOD 
Setup Two current-carrying coil pairs are arranged orthogonally to allow 2D motion of magnetic particles in the 
region between the coils, as in Ref. [2]. The coil pairs are aligned with the 𝑦 and 𝑧 axis and each coil consists of 
thin copper wires, 200 turns, resistance of 1 Ω, and radius 15 cm. Each coil is activated by a certain time dependent 
current 𝐼(𝑡). The origin represents the symmetric centre of the four coils and are located at a distance of 20 cm 
from the centre. The initial position of the spherical magnetic particle (Fe3O4 core, radius 100 µm) is 𝒙0 =
[−10;−10] mm and the target position is 𝒙𝑇 = [10; 5] mm. We want the optimal control strategy to guide the 
particle from 𝑥0 to 𝑥𝑇 in a time span of  𝑇 = 100 s with minimal power consumption by calculating the optimal 
currents 𝐼∗(𝑡) in the four coils. 
Modelling & Control A particle in a fluid and subject to an external magnetic field follows  
𝑚?̈? = 𝑭𝑚(𝒙, 𝒖) + 𝑭𝑓(𝒙, ?̇?) where 𝑚 is the particle’s mass, x is the particle centre’s position in space, 𝒖 is the 
vector of input currents creating the field gradients by the coils and Fm and Ff are the magnetic and fluidic force, 
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respectively [1]. Other intervening forces such as buoyancy and gravitational force are neglected. The magnetic 
force depends on the currents, coil geometry and particle properties such as saturation magnetization. The fluidic 
force depends on the medium’s viscosity, velocity and the particle’s size and shape. The fluid medium is here 
considered to be stationary and has the viscosity of blood, 𝜂 = 3 mPa s. The feedforward optimal control problem 
is here formulated as: 𝑚𝑖𝑛𝑖𝑚𝑖𝑧𝑒 𝑡ℎ𝑒 𝑐𝑜𝑠𝑡 𝑓𝑢𝑛𝑐𝑡𝑖𝑜𝑛 𝐽(𝒖) = ∫ 𝒖(𝑡)𝑇𝑅𝒖(𝑡) 𝑑𝑡
𝑇
0
, 𝑠𝑢𝑏𝑗𝑒𝑐𝑡 𝑡𝑜 
{
 
 
 
 
  
𝑚?̈? = 𝑭𝑚(𝒙, 𝒖) + 𝑭𝑓(𝒙, ?̇?)
|𝑢𝑗| ≤ 𝐼𝑗,max        𝑗 = 1, … , 4
𝒙(0) = 𝒙0
𝒙(𝑇) = 𝒙𝑇
 
where 𝐼𝑗,max = 100 A is the maximum coil current magnitude in the j-th coil. 𝑅 ∈ ℝ
4×4 is a diagonal matrix with 
the respective coil resistances on the diagonal (for identical coils this is the identity matrix). To solve this problem, 
the strategy of Direct Multiple Shooting is implemented [3].  
   
Figure 1: The trajectory of the particle (left) as realized by electromagnets carrying optimized currents (right). 
The optimal trajectory of the particle is shown in Figure 1 on the left, where the dots are the variable step solutions 
of the numerical ode-solver for the dynamics. The optimal time-dependent activation currents in the 
electromagnets are depicted on the right. This is a solution given by the dynamic optimization for 50 time steps, 
which assumes zero-order-hold inputs. The procedure finds 4x50 optimal values for the activation currents. 
Subscripts of 𝐼𝑦/𝑧,+/− designate the corresponding coil: the axis aligned with the y or z axis and the centre position 
at +20 or −20 cm (+ or −). The consumed electrical energy associated to the optimal current trajectories in time 
span 𝑇 is 𝑊𝑑𝑖𝑠𝑠 = 22.83 kJ. Compared to standard methods using only PID control, optimal trajectories are 
calculated without any measurements and power dissipation is minimized in the process. 
CONCLUSION 
Making use of a dynamical model for the movement of magnetic spherical particles, an optimal control algorithm 
is applied to find the required activation currents associated with minimum energy consumption. The result shows 
that the desired location is reached within a reasonable time period.  
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